Management science, the scientific study of problem-solving, has developed a body of literature and methodologies over the past four decades on decision theory methods, evaluation of management and systems performance, and analysis of systems under uncertainty. These methods have been influential and applied successfully to many industrial decision-making and strategic-planning settings. Fisheries management has not yet embraced these innovations, which involve the ''scientific method of problemsolving'' and which offer considerable opportunity for improved fisheries decisionmaking. Fisheries science and management can be integrated with management science in what we term ''fisheries-management science''. The broader framework allows management in the face of uncertainty and, at the spatial and temporal scales, is appropriate for the complexity of fisheries systems. This paper presents an implementation plan for fisheries-management science in a commercial fishery. The implementation plan is presented as a possible remedy for issues that have plagued fisheries management to date. It is argued that decision theory methodologies are needed to analyse the management problem context, including strategic planning and objectives setting, appropriate spatial and temporal scale definition, interdisciplinary systems modelling methods, the assessment and management of risk, and ongoing in-season decision-monitoring. The fisheries-management science problem-solving context also provides a basis for reshaping the central agency responsible for fisheries into a more action-orientated organization consisting of multidisciplinary teams acting in support of participative, real-time decision-making through enhanced industry and stakeholders' responsibility for resource sustainability. Fisheries institutions are often hindered by rigid, disciplinary organizational structures and decision-making processes that are unable to account, in a timely fashion, for the multiple and conflicting objectives and the inherent variability that characterize a fishery system. The fisheries-management science approach addresses these issues by focusing on the problem-orientated nature of fisheries management, by managing according to objectives, and by supporting a holistic view for stock conservation and resource sustainability.
Introduction
Scientists have only begun to explore the complexities of fisheries systems. However, the consequences of these complexities plague all attempts to manage the exploitation of marine living resources for sustainable economic development (Berrill, 1997; Harris, 1998) . What has become painfully obvious is that systems are stochastic, uncertain and, as a consequence, fundamentally difficult to control (Ludwig et al., 1993) .
Increased complexity places increasing demands on management systems. The increasing complexity of technical and engineering problems that arose during the Second World War placed enormous demands on military management. To deal with those strategic and tactical problems, interdisciplinary teams of scientists, engineers, and managers were thrown together and tasked to come up with ''best'' solutions in times of crisis. This forced activity gave rise to the new interdisciplinary field of operational research, the name coined for the British Army's ''Operational Research Unit''. As Klir notes, ''operations research can be characterized as the study of possible activities or operations within a particular institutional and organizational framework (e.g. a firm, a military organization, or a government) for the purpose of determining an optimum plan for reaching a given goal'' (Klir 1991, p. 38) . Operations research, or management science as it is now widely known, deals with all aspects of the scientific method of problem-solving.
A period of crisis now exists in global fisheries management following the failure of the ''modern fisheriesmanagement experiment'' of the past four decades . This crisis is driven by the heightened fragility of environmental systems stemming from long periods of historical exploitation, combined with the mounting extent and technological skills of global fishing effort capacity. At the same time, there has been a trend to increasing social awareness concerning protection of the environment. It is argued in this paper that, in order to respond to the needs of fisheries management, a systemic, interdisciplinary, strategic problem-solving approach, capable of arguing from clear, well-defined objectives about the direction we wish to move the system is needed. Management science provides lessons for building a framework for the implementation of fisheries-management systems analysis.
Fisheries experience and emerging approaches
Within their organizational frameworks, fisheries scientists, economists, and managers have not been idle while the crisis in fisheries management has been developing. Various approaches have been put forward to deal with the root causes of the global problem of managing commercial marine fisheries and to improve management uncertainty. In particular, fisheries scientists and researchers in international fora such as ICES, the FAO, and the OECD are all addressing the difficulties. The end result has been an embracing of more conservative approaches to fisheries under the rubric of ''precautionary approaches'' and ''responsible fisheries'' (FAO, 1995 (FAO, , 1996 ICES, 1997; OECD, 1997a, b, c; NAFO, 1998; Richards and Maguire, 1998) .
Linked to the precautionary approach in recent literature and in the Code of Conduct for Responsible Fisheries (FAO 1995) is the need for a broader set of management considerations and even an ''ecosystem management approach''. This approach has not been fully defined, but it suggests that exploitation of marine resources should only take place once a fuller scientific understanding of the dynamics of the ecosystem has been determined. This approach is not new in natural resource management, but it has been marked by a resurgence in reaction to the criticisms brought on by the failures of recent fisheries management (FRCC, 1994; FAO, 1996) . It is commendable to contemplate improved knowledge of the complex interactions of the many forces effecting marine stocks. However, the question remains -in light of the already substantial research efforts in this regard -whether or not further effort will yield the information requirements implied by the ecosystem approach.
To advance a more holistic or ecosystem approach, classical scientific methodology would suggest that all relevant components of the natural system are first identified and classified, then separated and decomposed into manageable elements for further analysis. This further analysis would entail breakdown and decomposition into simpler subcomponents, life-cycle mechanisms, predator-prey and trophic level interactions, perhaps even down to the simplest base levels of genetic or even molecular materials. Assuming at the lowest level that the basic structures can be described in relatively simple terms, it would then be required to link all components at each stage of the simplification by aggregating up at each level to the point of required understanding. This is the classical reductionist view of natural scientific research, and it is characteristic of scientists working in the domain of fisheries on the ecosystem approach (Klir, 1991; Cohen and Stewart, 1994) .
By way of example, consider the scientific reaction to the collapse of the northern cod (Gadus morhua) stock in Canadian waters of the North-West Atlantic. Following the commercial fishing moratorium on Canada's northern cod fishery in July 1992, there was a flurry of activity, including funding injections in aid of scientific research. These injections attempted to get to the bottom of what caused the stock to crash. In January 1993, an informal meeting was held among international experts in areas of biological research (fisheries biology, population dynamics, stock assessment, and physical oceanography) to discuss the reasons for the collapse. The purpose of the meeting was ''to determine possible causes for the decline, then to focus on those considered to be of most significance. After discussion, recommendations of research necessary for evaluation of the different possibilities would be forthcoming.'' The meeting ended with draft resolutions and scientific study recommendations including a wide-ranging shopping list of requests for disciplinary-based studies on each and every aspect of fisheries science corresponding to the areas from which the scientists came. The result of this research is marked even today by competing theories for the root cause of the major stock collapse. These theories are championed by various camps of scientists narrowly pinning their claims on a singular phenomenon, e.g. continual overexploitation (Hutchings and Myers, 1994) , catastrophic mortality due to an abrupt environmental regime shift, or stock behavioural change, to name a few (Winters and Brattey, 1998) . Unfortunately, due to the complexity of the system and ex post measurement difficulties, it is statistically impossible singularly to reject or refute any or all of these contributory causes, or to assign blame according to a weighted function of all triggers for stock collapse. In retrospect, little more can be known than that there has indeed been a stock collapse.
The fundamental problem with the reductionist ecosystem approach from the perspective of fisheries management is the lack of context associated with scientific research. Recognizing that complexity will tend to hide all contributory causes of stock adjustments, including stock collapse, it becomes an unproductive exercise to hypothesize about them in retrospect. Instead, what is needed, in the case of stock collapse, is to review management problems and to consider new and more sensitive exploitation control mechanisms for the future.
In their book, The Collapse of Chaos, Cohen and Stewart (1994) criticize the reductionist science ecosystem view for its loss of perspective in the contextual functioning of complex systems. By way of analogy, application of the reductionist model to a study of economics would seemingly require that analysis and understanding of the consumption behaviour of every individual in the market, subject to all the external stimuli (environment, global economic situation, local situation, etc.) before aggregating up each individual's simple choices into a complete picture relevant for, for example, production decision-making in a particular sector. Although the field of consumer behaviour has ventured part of the way down this path, there are clearly well-established limits to the theory as to its scale of application. An appropriate scale is arrived at in terms of the context of the original decision-making problem (e.g. what best production level?) that stimulated the behavioural question in the first place. Conversely, there is no benefit in knowing the precise behavioural rules of the individual without having some value-based context for applying them. This context is missing from the unquenchable thirst for ecosystem knowledge, for once each new layer of complexity is peeled off, others immediately present themselves in a never-ending spiral referred to as the ''reductionist's nightmare'' (Cohen and Stewart, 1994 ).
An alternative approach to ecosystem evaluation coming from the systems literature is one in which a context is provided through the need for environmental management, policy decision-making, and complex systems analysis. This is the view of ''post-normal science'', whereby science is viewed pragmatically as a mechanism for the resolution of policy issues in those cases where problem-solving involves higher uncertainties and/or higher stakes. In the language of post-normal science, exploitation of marine fisheries represents a ''problematique of decision-making in the face of complexity and high risk, of charting a sustainable course in uncertain waters'' (Kay, 1996) :
''Many environmental problems will have severe uncertainties and/or extreme decision stakes; toxic sites and the possible global warming are leading examples. In these cases, routine research may be inappropriate, and any particular professional skill is incomplete'' (Functowicz and Ravetz, 1995) .
This policy-led view of the ecosystem approach recognizes from the outset that science cannot provide the answers in the short term needed to understand the complex ecosystem. Accordingly, it seeks help in the form of a conditional understanding based on the need to cohabit with the natural system. As a leading proponent of post-normal science, Kay (1996) describes the ecosystem approach as one that ''integrates science and management with the people living on a landscape, with the aim of developing the landscape as a sustainable ecosystem''. In Kay's view, the scientific activity involves ''. . . constructing narratives which describe how biological communities might be developed on the landscape, given the realities of the context the landscape is embedded in, that is the exergy [high quality energy flows] and material and information inputs and the biophysical environment. The scientific activity is juxtaposed with a social process which explores the vision for the landscape that the inhabitants have. These two come together in a vision which meshes what the inhabitants would like to see on the landscape with what scientific analysis suggests is sustainable. Implementation of this vision connects the triad of governance, management, and monitoring. Governance is a process of ongoing refinement of the vision for the landscape. It involves maintaining a continued dialogue between the inhabitants and decision makers and those who manage the landscape. Ecosystem management is not about managing the ecosystem, but rather it is about managing human influences on the landscape such that the desired ecosystems emerge and flourish. The final leg of the implementation triad is monitoring. Monitoring is the activity of assessing whether the landscape is evolving as was envisioned, and communicating this assessment in a way which is effective at guiding governance and management'' (Kay, 1996) . This applied decision-making view of the ecosystem approach in general, and fisheries management in particular, is radically different from the reductionist science view for understanding and interacting with the ecosystem. The post-normal science view fundamentally recognizes that the complexity of the ecosystem is definable only in the context of the system and the decision problems that it presents. Successful applications of the post-normal ecosystem approach in areas such as forestry and land management are characterized by joint industry, government and community governance arrangements, shared responsibility, and consensus decision-making (Brand, 1994; Kay, 1996) .
Management science
How to operationalize management based on a precautionary or ecosystem approach is an important current issue to fisheries scientists and managers. Invariably, the discussions lead to determinations of ''new'' methodologies for analysis (e.g. risk and uncertainty), and ''new'' standards or generally applicable operating rules (e.g. ''precautionary reference points'') that provide unspecific relative levels of comfort towards the general notions of conservation or sustainability.
Contrast these debates with issues encountered in industrial decision-making contexts, e.g. in the high technology business sector. Arguably, the complexity of the market place, the highly dynamic and stochastic nature of new product innovation and the uncertainties of research and development, rival the complexity of environmental systems. Nevertheless, in those business sectors, the public is unaware of industries' debates over scientific methodology or decision-making methods even though industrial research and development expenditure in most developed OECD countries is several times larger than total government science expenditure annually (OECD, 1997d) . The public does hear, instead, about the innovative end products, their reliability, quality, price, consumer response -all visible output measures of the economic production of something valuable.
In industry, the value-based context pervades decision-making and focuses it towards the efficient production of the bottom line. The wealth of the company depends on the efficient production of a quality product in a market place demanding continuous improvement. Moreover, issues of methodology and decision-making are relevant only in so far as they relate to the value context. Industry has shown itself to be adaptive to new methodologies insofar as they influence the value-based context. For example, the analysis of risk in industrial decision-making is well understood; students of finance have been learning and applying the technical management science methodologies for decades on the basis of the early work of Markowitz (1959) . Similarly, the concept of production and inventory has undergone radical change in recent years. Modern flexible manufacturing systems and just-in-time inventory systems have impacted consumer choice and have made production more efficient and prices of goods cheaper in real terms (Silver and Peterson, 1985) .
Given its context for problem-solving, successful industry has adopted and applied scientific research and the science of problem-solving towards achieving its value-based objectives. In doing so, it is continually adapting the scale of its analyses to the decisions it must make. By analogy with industry and the application of management science methods for problem-solving, current fisheries management lags behind. What is required now is a shift in the current fisheries science paradigm towards more successful applied and integrated approaches to dealing with the fisheries problems (Kuhn, 1970) . Klir (1994) discusses the notion of a paradigm shift in the context of stochastic systems modelling and the inclusion of uncertainty. In this context, fisheriesmanagement systems appear to extend beyond the traditional paradigm characterized by organized simplicity and avoidance of uncertainty issues, but remain locked in the intermediate paradigm of disorganized complexity that examines uncertainty through probability measures attached to deterministic model analyses. The movement to Klir's emerging paradigm and the embracing of uncertainty (including new methodologies such as fuzzy logic) as part of the system model and its problemsolving methodologies from operational research have not been fully embraced in fisheries management.
Operational research is carried out by the rigorous application of the scientific method of problem-solving. This is a process that begins with problem identification and formulation, and leads to construction of a mathematical model that attempts to emulate the essence of the problem. If the model is judged through scientific hypotheses, testing and experimentation to be sufficiently precise, its conclusions are directly relevant to the real problem. Further, Hillier and Lieberman (1974, p. 3) state:
''Specifically, operations research also is concerned with the practical management of the organization. Therefore, to be successful it must also provide positive, understandable conclusions to the decision maker(s) when they are needed.''
The problem-solving context characterizes approaches that have been applied by industry for decades, i.e. the requirement for clear statement of problems, objectives and solutions, an integrated or systems approach involving all implicated parties in the decision-making process, and the use of methodologies for the development and evaluation of alternative problem solutions. Many such models of particular relevance to fisheries management have also been developed in the operational research literature (Lane, 1989 (Lane, , 1992 . These models provide an opportunity for scientific decision-making in fisheries management. In practical terms, however, the models are not used as often as they could be to assist operational management decision-making in fisheries.
Barriers to fisheries-management science
If it is supposed that many industrial sectors have adopted an operational problem-solving approach based on management science methods, then it must be asked: how can management science contribute to improved problem solving in fisheries management? To answer this question, the barriers to implementing a framework for fisheries-management systems must be considered. Three barriers to successful implementation are:
Complexity -fisheries-management systems are complex to the extent that they put one in a frustrating deficit position in understanding their productive capacity.
Context -fisheries-management problems present a difficult valuation problem that denies presentation of a singular contextual objective and at the same time represents multiple and conflicting objectives.
Organization -fisheries-management systems are conceived within well-defined organizational subgroups that have an interest or a responsibility that relates only to a particular disciplinary segment of the system. The three barriers act to work against the development of a systemic problem-solving framework and accordingly reduce the opportunity for positive gains. Moreover, they are all interconnected, in the same way that any system is not merely made up of separate independent functioning parts. Complexity in industry, for example, is embraced in terms of what the organization knows rather than what is potentially knowable. What is known is captured within the collective expertise of the individuals who make up the organization. This view of the organization as collective knowledge is offered by Drucker (1994) :
That knowledge in the knowledge society has to be highly specialized to be productive implies two requirements: that knowledge workers work in teams, and that if knowledge workers are not employees, they must at least be affiliated with an organization. With knowledge workers growing increasingly effective as it is increasingly specialized, teams become the work unit rather than the individual himself. We have to learn to understand teams -and this is something to which, so far, very little attention has been paid.
Only the organization can provide the basic continuity that knowledge workers need in order to be effective. Only the organization can convert the specialized knowledge worker into performance.
System complexity then is dealt with through the collective knowledge of workers as members of an integrated organization who work together in teams. As a functioning, responsible team, the information they possess represents the extent of knowledge that must be applied to the problem at hand. There is no issue here of the knowledge base being incomplete -it is all that is available for solving the problem at hand.
The lesson for fisheries in this view of dealing with systems problems is that the organization must be integrated in its disciplines and functioning. Thus, the construction of teams as Drucker (1994) defines them must represent a cross-section of all disciplines and subgroups of the organization that are implicated in the problem at hand. Moreover, given the regularity of problems arising in the organizations, it would be natural to imagine a dynamic organization constructed around multidisciplinary teams of problem-solvers. However, on observing the usual structure of fisheries agencies, it is noteworthy that the disciplinary, functional form of the organization prevails, with fisheries biologists dominant in separate subgroups from fisheries economists, separate from operations managers, all of whom keep their distance from the industrial and social sectors of the fishery. This organizational form is an historical artifact from earlier days of little information, much reduced industrial activity and public funding of scientific activities. Today, such an organization creates a barrier to Drucker's (1994) notion of a team, a concept that high technology innovative firms, for example, have embraced completely in management problem-solving.
Without the opportunity to expose the extent of collective knowledge (as in a team), the full extent of knowledge that could be brought to bear on a problem risks being reduced to narrow, specialized views that only partially treat the whole of the problem. Thus, there is a risk of causing situations where, for example, fisheries science ''solutions'' are produced in good faith but are fundamentally politically and/or operationally non-feasible. In those situations, someone (e.g. a government minister or head of the fisheries agency) is tasked with bringing the piecemeal responses together at the risk of alienating whole segments of his staff. See for example the raging debate in the fisheries literature (Doubleday et al., 1997; Healy, 1997; Hutchings et al., 1997) .
With respect to context, Drucker (1994) also notes that ''All managers do the same things, whatever the purpose of their organization. All of them have to bring people -each possessing different knowledgetogether for joint performance. All of them have to think through what results are wanted in the organization -and have them define objectives. All of them have to think through strategies -that is, the means through which the goals of the organization become performance. '' In industrial organizations, competing subgroups must decide how limited resources are to be shared, e.g. marketing groups want to sell more product, but not necessarily in direct correspondence with the manufacturing production line. However, the public hears little about these ongoing disputes. In the end, cooperation undoubtedly results in a payoff for all groups, so there is clear incentive for such internal issues to be resolved. This is not so clear in fisheries management. Government agencies are quite often mandated to act as owner of the fish resources and, as a consequence and through their scientists, take a conservationist view about the future sustainability of stocks. The fishing industry, on the other hand, takes on the role of resource exploiter, and immediately the two sides are polarized. Central agencies that are also mandated to support their fishing sector while conserving stocks sometimes find themselves in the precarious situation of imposing fishing capacity reduction programmes, on the one hand, while subsidizing vessel owners to build new boats or upgrade existing capital, on the other.
This issue becomes important to problem-solving and the implementation of fisheries-management science because, without clear objectives (including an indication of trade-offs among conflicting objectives, e.g., conservation versus exploitation for economic gain), there is no integrated way by which to evaluate alternative policy and problem-solving options. This is not a problem of information deficit, but information avoidance on the part of the decision-maker, who may deem it appropriate to keep a running score of decisions in favour of each ''side'' alternatively rather than commit to a level policy throughout. The valuation issue is further complicated by the separation of information sources (e.g. stock status, markets and prices, community dependence) from the discipline-based subgroups (e.g. fisheries scientists, fisheries economists, fisheries policy makers) of the organization.
Implementation of fisheries-management systems
An effective fisheries-management system deals with problems using the scientific method of problem-solving from operations research, i.e. by gathering the relevant available information, by developing and evaluating alternatives against specific objectives, and by monitoring the expected progress of the decision taken. This is achieved by dealing directly with the issues of complexity, organization, and context, as outlined above:
Complexity and data: In keeping with the scientific approach, complexity in fisheries compels us to consider all data available of relevance to a particular problem. These data must include the valuable sources of information that harvesters collect as part of their ongoing seasonal observations on the fishing grounds. To collect and use the data, it is clear that the harvester must be made an affiliate of the organization and be provided with the responsibility of participating in the decision-making process. These data, at the level of direct intervention on the resources, provide the fundamental unit of knowledge available about the fisheries system. As part of an effective implementation, the data must be considered as the primary ''building block'' of information about the system. Organization and teamwork: As owners of the data, the fundamental knowledge workers of the affiliated organization are the fish harvesters. The successful fisheries-management organization brings together fisheries scientists, economists, managers, administrators, stakeholders, and clients as resources in the problem-solving exercise. The primary function of the organization is to provide the ''basic continuity that knowledge workers need in order to be effective'' (Drucker, 1994) . This continuity allows organizational teams to develop and evolve. Moreover, it permits them to define the appropriate scale of management intervention that is required to address the problems at hand. Government agencies have been successful in providing institutional stability. They have also been helpful in providing decision support and advice on policy structure and decision-making matters. These services, together with the significant extent of government expertise, e.g. in science and in dispute mediation, are key roles of the supporting agency.
Context and evaluation: In order for the team to be functional and productive (e.g. in developing decision alternatives), all team members must agree in the direction that the system is headed and the rate at which it is moving towards pre-specified goals. This is a renewable decision that is continually updated on the basis of the best available information about where the system is judged to be. Once this is agreed upon, the absolute measures and milestones that correspond to targets can be specified. These elusive targets serve as the yardstick against which to develop, project (e.g. through simulation analysis of system-wide parameters), and evaluate alternative options. The evaluation process also serves as the expectation of decisions taken. To judge the manage-ability of the system and so to understand the reliability of decision outcomes, it is necessary to monitor and track the expected outcomes against ongoing actual outcomes for decisions taken. Through this comparison, decision-makers are able to link measurable overall system impacts to applied policy intervention.
In previous work, Lane and Stephenson (1995 , 1998b describe analyses in the context of fisheriesmanagement science. These analyses have led to specific management science tools, including strategic fisheriesmanagement systems analysis (Lane and Stephenson, 1996) , a framework for the analysis of risk (Lane and Stephenson, 1998a) , and a model of in-season Bayesian stock assessment (Storey, 1998) , all applied to the Scotia-Fundy herring (Clupea harengus) fishery in Atlantic Canada. These examples of management science decision-making applications pertain to the system problems specific to that fishery.
Similarly, implementation of fisheries-management systems analysis and the development of management science tools for decision support will focus specifically on problems that arise on a fishery-by-fishery basis. In general terms, the ongoing efforts in the herring fishery have indicated that successful implementation of a complete analysis system will take place following the development of an appropriate infrastructure for analysis. This infrastructure is identified in the following steps for the implementation of fisheries-management systems:
Define the basic unit of repeated observational data at the level of the spatial, temporal prosecution of the fishery within each season and develop a quantitative database for collection and analysis of the observations. Carry out a strategic planning exercise and develop a strategic business plan including specifying the mission statement for the fishery, strategic (long-term) and managerial (short-term) objectives and milestones, and fishery action/management plan (Mintzberg, 1989) . This exercise also includes defining the roles and responsibilities for the participants in the organization.
Define the roles and responsibilities of the supporting (government) agencies; information collection, analysis and database management, decision support, team expertise, dispute mediation, surveying, inspection, and organizational integration.
Describe the ongoing decision-making and intervention process of operational management, including surveying, inspection and compliance monitoring.
Apply real-time management and the principles of continuous improvement and total quality management, accountability to goals and monitoring for all ongoing decisions (Deming, 1982) . These steps form the foundation for constructing an integrated, knowledge-based team organization for the implementation of an effective fisheries-management system. The synergy resulting in the focus on local problem-solving, shared information, and team analysis is management science in action.
Conclusions
Fisheries systems are complex. Consequently, the management of fisheries requires a precise context in which to develop and be applied. Current precautionary or ecosystem approaches, as evidenced by the difficulties with definition and operational meaning, suffer from a lack of context. Problem-solving in fisheries and the application of management science methodologies for decision-making require that problems be defined at an appropriate industrial scale. This scale will occur at the level of intervention of industry on the fisheries system. This in turn requires a commitment to roles and responsibilities by identified participants and a key role for government institutions as decision-support groups in the development and evaluation of alternative policy options. Management science tools are directly applicable in the assistance of this task.
Uncertainty is inherent in fisheries systems, and fisheries management needs to address this uncertainty explicitly. Implementation of effective fisheriesmanagement systems will involve addressing the three key issues of complexity, context, and organization. To do so means shifting from aggregate institutional information (and the aggregate, static models that depend on this information) to more appropriate spatial and temporal scales and to harvesters' observations as the basic unit of data. It also means that fisheries-management organizations must become engaged in problem-solving with teams of knowledge workers from all subgroups of the fishery system. Finally, it means identifying specific milestones and goals that are continually updated as multiple, quantitative objectives of absolute measures for which the decision-making teams are held accountable.
